gap between agricultural output and agricultural demand. Among them, the increase of photosynthetic carbon assimilation through the improvement of the CB cycle is regarded as a promising strategy and preliminary positive results have been obtained 4 . By consuming ATP, PRK catalyses the regeneration of the five-carbon sugar ribulose-1,5-bisphosphate (RuBP), exclusively used by RuBisCO for CO 2 fixation (Fig. S1a ).
To gain insight into the molecular mechanism of RuBP regeneration, the crystal structures of CrPRK and AtPRK have been determined at 2.6 Å and 2.5 Å, respectively.
The enzyme is a dimer of two identical monomers related by a 2-fold non-crystallographic axis (Fig. 1a, b) . Each monomer contains a central nine-stranded mixed β-sheet (β1−β9) surrounded by eight α-helices (α1, α3-α9), four additional β-strands (β1'-β4') and one helix α2 (Fig. 1c, d and Fig.   3 S1b, c). sandwiched between helices 3, 4 and 6 and helices 1, 7, 8 and 9. Strand 7 is involved in dimer interface, while the four additional -strands (' to ') form the edge of the dimer.
The active sites (one per monomer) are located in an elongated cavity at the edges of the dimer (Fig.   2a, b ). In the CrPRK structure, the active site cavity is marked by a sulfate ion deriving from the crystallization medium that highlights the position occupied by the phosphate group of the substrate ribulose 5-phosphate (Ru5P) (Fig. 2a, c) . The anion is stabilized by the side chains of Arg64, Arg67, Tyr103 and the main chain carbonyl group of His105 (Fig. S2 ). Except for Arg67, all others residues are strictly conserved in PRKs (Fig. S3a) . The catalytic role of the invariant Arg64 was also confirmed in C. reinhardtii 5 . In addition, it was found that Arg64 plays a major role in the interaction of PRK with a second CB cycle enzyme, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 5 . Consistently, Arg64 faces out at the far end of the dimer ( Fig. 1a and Table S1 ).
Despite the role of PRK in photosynthesis, putative PRK sequences are also found in heterotrophic prokaryotes 6 . Phylogenetic analyses performed on 69 PRK sequences including 31 from nonphotosynthetic prokaryotes, clearly shows a first evolutionary separation between Bacteria and
Archaea. Cyanobacterial and eukaryotic PRKs emerge as a third clade from the Archaea (Fig. S3b) .
A single structure of PRK from the anoxygenic photosynthetic bacterium Rhodobacter sphaeroides (RsPRK; PDB ID 1A7J) 6 and one from the non-photosynthetic Archaea Methanospirillum hungatei (MhPRK; PDB ID 5B3F) 7 Moreover, cyanobacterial PRK is inhibited by AMP via the exclusive fusion protein CBS-CP12 13 , while plant type PRK is directly regulated by thioredoxin (TRX)-dependent interconversion of a specific dithiol-disulfide bridge 10, 11 .
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The pair of regulatory cysteines corresponding to Cys15/16 and Cys54/55 in AtPRK and CrPRK, are located within the P-loop (Walker A; responsible for ATP binding 14 ) and at the C-terminal end of strand β2 (Fig. 1a-d, Fig. S1b , c, S3a and S4), respectively. Both residues stick out from the catalytic cavity showing a considerable accessibility to facilitate TRX interaction (Table S1 ). In addition, the similar midpoint redox potential (-312 ± 3 mV for CrPRK and -330 mV for AtPRK 15 ) and the slightly acidic pK a values (6.79 ± 0.01 for CrPRK and 6.95 ± 0.13 for AtPRK) denote similar redox properties for both PRKs (Fig. S5) .
Moreover, pH and temperature affect the activity of AtPRK and CrPRK denoting a wider range of activity for algal enzyme ( The electrostatic surface potential of the catalytic cavity reveals an elongated positive region at the bottom and a negative portion on the side (Fig. 2c, d ), the former suitable for binding the phosphate groups of substrates, i.e. ATP and Ru5P, and the latter relevant for recognition and positioning of TRX as proposed for fructose-1,6-bisphosphatase 17, 18 . Compared to TRX-m, TRX-f2 is more efficient in the reductive activation of both AtPRK 19 and CrPRK (Fig. 2f) . Accordingly, the structural model of AtTRX-f1 and the crystal structure of CrTRX-f2 (personal communication)
show that the catalytic cysteines are surrounded by a large positive region, less extended or alternated with a negative one in TRX-m ( Fig. S7) , suggesting that the early stages of approaching and pairing between TRX and PRK are mainly governed by electrostatic interactions between exposed portions of the two proteins.
In addition, it has been demonstrated that the oxidized-state of the target protein is an essential 8 feature for TRX-target interaction, since disulfide formation in TRXs does not imply any significant conformational variations 20 . Indeed, the disulfide bond between the two distant regulatory cysteines introduces a significant conformational restriction that decreases the overall PRK entropy.
Therefore, a favourable entropic contribution is proposed to be the main driving force for the reduction of PRK by TRXs.
By comparing the dimer interfaces, it emerges a large contact area in octameric RsPRK (1667 Å 2 ) 6 and dimeric MhPRK (1695 Å 2 ) 7 ( Fig. S8 ) but a small one in eukaryotic phototrophs PRK. The dimer interface in CrPRK (545.6 Å 2 ) and AtPRKs (560.3Å 2 ) is exclusively formed by strand β7
( Fig. 1 and Fig. S1b , c) suggesting a less rigid overall structure. In cyanobacteria and cyanobacterial-derived, PRK is found in organisms that contain CP12 and therefore the greater flexibility of PRK could be more apt to form the regulatory GAPDH/CP12/PRK complexes 21 .
By considering dimeric PRKs, AtPRK and CrPRK are characterized by a higher amount of exposed random coiled regions ( Fig. 1a, b ; Fig. S8b and Table S2 ). Some of that show a poor or absent electron density, thus being highly flexible and disordered. Two regions are common to algal and plant enzyme, while a third one is exclusive to AtPRK (Fig. S9 ).
The long loop lasting from helices α5 and α6 ( The AtPRK crystal structure confirmed the elongated shape of the oxidized protein previously obtained by SAXS analysis 21 , but it appears less bent and screwed. Structural information of 9 CrPRK in solution obtained by SEC-SAXS analysis provides a single recognizable species having a R g value of 35 ± 1 Å and an estimated MW around 70 kDa ( Fig. S11 and Table S3 ). The SAXS scattering profile well superimpose to the theoretical one calculated from CrPRK crystal structure (Fig. 3a) allowing us to conclude that no relevant conformational change of the protein occurs in solution (Fig. 3b) . In conclusion, our results fill the last gap of the structural proteome of the photosynthetic carbon 10 assimilation process, the biochemical pathway that more than the others contributes to the movement of inorganic carbon dioxide in the organic world, sustaining life on our planet.
In recent years, an increasing number of studies conducted through reverse genetic approaches have led to brilliant results. However, this approach has also highlighted many weaknesses, thus the idea that deleting or overexpressing a gene could lead to the desired results turned out to be simplistic.
A deep structural knowledge along with the advantages brought by the new technologies such as the genome editing, pave the way for a future improvement of the CB cycle. containing the coding sequence of the mature form of both enzymes (Fig. S4) . AtPRK was expressed and purified as previously described 26 Table S4 .
The data at a resolution of 2.6 Å for CrPRK and 2.5 Å for AtPRK were processed using XDS 29 and scaled with SCALA 30 . The correct space group was determined with POINTLESS 30 and confirmed in the structure solution stage. Data collection statistics are reported in Table S5 .
Structure solution and refinement. CrPRK structure was solved by molecular replacement using 36 . The refinement was performed as described for CrPRK. The refinement statistics are reported in Table   S5 . All structure figures were prepared using PyMOL (The PyMOL Molecular Graphics System, Schrödinger, LLC).
Small angle X-ray scattering data collection. Small angle X-ray scattering (SAXS) data were collected at the BioSAXS beamline BM29 37 at European Synchrotron Radiation Facility (ESRF, Grenoble) and the data collection parameters are reported in Table S4 . A Size Exclusion
Chromatography SEC-SAXS experiment was performed using a HPLC system (Shimadzu) directly connected to the measurement capillary. A volume of 100 µl of reduced CrPRK (6.1 mg ml -1 ) was loaded onto a Superdex 200 10/300 GL column (GE Healthcare) pre-equilibrated in 50 mM TrisHCl, 150 mM KCl, pH 7.5. The sample was eluted at a flow rate of 0.5 ml min -1 and SAXS frames obtained by 1 s exposure were collected continuously. The automatic pipeline for SEC-SAXS data analysis implemented at BM29 was used to assess the quality of the collected data 38 .
Small angle X-ray scattering data analysis. Afterwards, a classification of the collected frames as buffer (0-14 ml) or protein frames (14-17.75 ml) was performed on the basis of the SAXS intensity trace (Fig. S12) . Statistical test implemented in CorrMap 39 aided by visual inspection, was used to choose the superimposable buffer intensity profiles. The averaging of the buffer profiles, the subtraction of the averaged buffer intensity from the protein data and an automatic analysis of the subtracted protein profiles was performed with a Matlab script. The script used the tools of the ATSAS package 40 to automatically obtain from the subtracted intensity I(q): (i) the I(0) and the gyration radius (R g ) via the Guinier approximation 41 I(q) = I(0)•exp[-(qR g ) 2 /3]; (ii) the pair-distance [p(r)] function, from which the maximum particle dimension (D max ) was estimated, in addition to an independent calculation of I(0) and R g . Estimates of the MW were also determined both from the Porod invariant 42 as 0.6 times the Porod volume (V p ) for roughly globular particles 40 and by the invariant volume-of-correlation length (V c ), through a power-law relationship between V c , R g and MW that has been parametrized 43 . The protein frames giving constant R g values were scaled to the intensity of the elution maximum and averaged in order to obtain a single representative scattering profile with good signal to noise ratio, presented in the results and used for modelling.
Modelling from SAXS data. The experimental SAXS profile of the CrPRK dimer was fitted with the theoretical profile calculated from the atomic coordinates using CRYSOL3 44 with default parameters. In addition, low-resolution models of the CrPRK dimer based on the SAXS profile were built using the ab-initio program GASBOR 45 . The sequence and the homodimeric state of
CrPRK were given as inputs in GASBOR and a 2-fold symmetry was imposed in the calculations.
A series of 10 models was generated. The similarity of the structures obtained by repeated calculations was checked by DAMAVER 46 in which the superposition is performed by the SUPCOMB code 47 .
All programs used for SAXS data analysis and reconstruction, belong to the ATSAS package 2.7 40 .
The graphical representations of the obtained three-dimensional models were built by using PyMOL (The PyMOL Molecular Graphics System, Schrödinger, LLC).
Data availability. Atomic coordinates and structure factors have been deposited in the Protein Data Bank (PDB) under accession codes 6H7G and 6H7H for CrPRK and AtPRK, respectively. The SEC-SAXS data of CrPRK have been deposited in SASBDB with accession code SASDDH9.
